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Abstract

Determining space use for species is fundamental to understanding their ecology, and track-
ing animals can reveal insights into their spatial ecology on home ranges and territories.
Recent technological advances have led to GPS-tracking devices light enough for birds as
small as ~30 g, creating novel opportunities to remotely monitor fine-scale movements and
space use for these smaller species. We tested whether miniaturized GPS tags can allow
us to understand space use of migratory birds away from their capture sites and sought to
understand both pre-breeding space use as well as territory and habitat use on the breeding
grounds. We used GPS tags to characterize home ranges on the breeding grounds for a
migratory songbird with limited available breeding information, the Golden-crowned Spar-
row (Zonotrichia atricapilla). Using GPS points from 23 individuals across 26 tags (three
birds tagged twice), we found home ranges in Alaska and British Columbia were on average
441 ha (95% kernel density estimate). In addition, estimates of territory sizes based on field
observations (mean 2.1 ha, 95% minimum convex polygon [MCP]) were three times smaller
than 95% MCPs created using GPS tags (mean 6.5 ha). Home ranges included a variety of
land cover classes, with shrubland particularly dominant (64—100% of home range cover for
all but one bird). Three birds tracked twice returned to the same breeding area each year,
supporting high breeding site fidelity for this species. We found reverse spring migration for
five birds that flew up to 154 km past breeding destinations before returning. GPS-tracking
technology allowed for critical ecological insights into this migratory species that breeds in
very remote locations.
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Introduction

Animal space use and movement is important to understand for a variety of ecological and
evolutionary processes [1] and in recent years, these studies are increasingly contributing to
conservation management [2]. Animal space use is often defined through home ranges and
territories [3, 4]. Home ranges are classically defined as the area an individual uses for its “nor-
mal activities,” such as foraging, mating, and raising young [5], but this definition is broad and
has limited utility for quantifying home range sizes [6, 7]. Territories are considered areas
within the home range that are defended from competitors [5, 8] but defining territories has
not been consistent across studies [3]. Despite the lack of consensus, the characterization of
different types of spatial behavior based on these functional definitions of home range and ter-
ritory have been an important theme of inquiry in movement ecology [9]. Quantifying the
relationship between home range and territory size is important in the context of ecology and
conservation and can lead to a better understanding of population dynamics, resource use,
and species demographics.

In the field, it can be difficult to gather information on the full home range and therefore to
distinguish accurately between a home range and territory. For passerines on the breeding
grounds, a common research approach is to delineate territories, often through mapping the
movements of singing males [10, 11]. In temperate regions, male passerines often sing to estab-
lish a breeding territory which they use to attract mates, ensure paternity, and defend food
resources [12]. However, during the breeding season, both males and females leave territories
for several reasons, including extra-pair copulations and/or for additional foraging opportuni-
ties [13, 14]. This larger space-use could be considered the home range [5] but delineating this
area can be difficult because extra-territorial movements may last for short periods and involve
secretive behavior. Previous studies suggest that home ranges are generally much larger than
territories. For example, radio telemetry has shown that birds often use resources outside of
territories, including Cerulean Warblers (Setophaga cerulea) with home ranges significantly
larger than territories [15], and Golden-winged Warblers (Vermivora chrysoptera) with home
ranges 2—4 times as large as spot-mapped territories and 40% of telemetry locations outside
these territories [16]. Similarly, territories of male Nightingales (Luscinia megarhynchos) made
up only 50% of their total activity area, although they spent 90% of their time within the terri-
tory [17].

Even if birds spend less time outside their territory than within, their larger home range is
important for their breeding life history and can also be important in a conservation context.
For example, male Hooded Warblers (Wilsonia citrina) traveled outside their territories for
extra-pair copulations but were limited in opportunities by forest fragmentation [14]. Some
benefits of extra-pair copulations can include increasing male reproductive success, potentially
providing fertility insurance for females, and improving genetic diversity (reviewed in [18]).
Space beyond the territory may also be important for obtaining resources, as in male Chaft-
finches seen foraging when outside singing territories [19]. Large movements during the
breeding season may also serve information gathering purposes for future dispersal, as shown
for Kirtland’s warblers (Setophaga kirtlandii [20]). With many passerine populations declining
[21, 22], conservation efforts on the breeding grounds will be most effective when focused on
complete home ranges, as these areas may be serving important functions for individual and
population survival and reproductive fitness. Further, by understanding habitat use across dif-
ferent land cover types and the connectivity among those habitat types while on the breeding
grounds, conservation activities can more effectively support the broad habitat needs of
species.
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Recent technological advances have led to GPS-tracking devices light enough to be outfitted
to some small birds (reviewed in [23]), providing new opportunities to study breeding-season
movements outside territories and to describe a full home range area [24, 25]. One major
advantage of GPS tracking is that migratory birds tagged during one season can be passively
tracked during other times of the year, including in remote areas that are difficult to access,
enabling a large array of new ecological research on species and life-stages that are difficult to
observe or access. GPS tracking therefore offers an opportunity to study boreal birds breeding
in remote areas, many of which are at a higher risk of negative impacts from climate change
due to substantial reductions in suitable habitat expected over the coming decades [26].

Golden-crowned Sparrows (Zonotrichia atricapilla) breed in parts of Alaska, the Yukon,
British Columbia, and Alberta. They breed in forest-tundra ecotones and shrubby-tundra hab-
itats, but there is limited information on many aspects of the natural history of this species at
the breeding grounds [27]. For example, information on pair formation, nest construction, ter-
ritory size, or quantitative analyses of nest site characteristics is missing or understudied [27],
and to our knowledge no previous estimates of home range sizes on the breeding grounds
have been reported. Similarly, fundamental information such as the space and habitat use of
adults on their breeding home ranges is poorly understood [27]. Here, we test whether minia-
turized GPS tags deployed on birds on their wintering grounds can allow us to characterize
remote home ranges for Golden-crowned Sparrows in/near the boreal forests of Alaska and
Canada. To investigate space use, we compare home range estimates obtained from GPS tags
to home range estimates from spot-mapping in the field. We expected that GPS tags would
allow us to discern movements and spatial use on home ranges larger in area than estimates
based on field observations alone. We also expected new insights into home range characteri-
zation from GPS tags and we investigated differences in home range sizes based on sex, eleva-
tion, latitude, and habitat type.

Materials and methods
Study sites and capture

Animal capture and handling was reviewed and approved by the University of California
Davis Institutional Animal Care and Use Committee Protocol (IACUC) 20823, the University
of California Santa Cruz IACUC 1808, the University of Nebraska Lincoln IACUC 1626, and
the Palomarin Field Station Animal Care and Use Protocol (vers. 1.1; United States Federal
Bird Banding permits 09316 to Diana Humple, 22712 to Thomas Hahn, 10516 to Bruce Lyon,
and 23579 to Dai Shizuka). Birds were released within an hour at the site of capture or sooner
if displaying signs of stress, and no birds died while being handled for this study. We captured
birds at three study sites within the wintering range from 2017-2021 (Fig 1) in western regions
of the USA, where GPS tags were deployed and retrieved the following winter. Specifically,
birds were caught at three California sites: (1) from 19 Feb 2019 to 30 Jan 2021 at the Zoology
Field Building on the University of California, Davis campus, Yolo County (UCD, 38.528,
-121.782), (2) from 3 Jan 2019 to 9 Jan 2021 at Hagmaier Ranch in Olema Valley, Point Reyes
National Seashore, Marin County, in the San Francisco Bay Area (HAGM, 37.971, -122.731),
and (3) from 1 Oct 2017 to 1 Nov 2018 at the University of California Santa Cruz Arboretum,
Santa Cruz County (UCSC, 36.983, -122.060). At each site we used Potter traps baited with
seed (millet or mixed seeds) and/or passive mist nets to capture birds. For each bird captured,
we banded them (with a federal band and color bands) and recorded mass, age, fat score (on a
scale from 0-7 for HAGM and UCD and 0-3 at UCSC), and wing chord length. We deter-
mined age by plumage [28], particularly the crown plumage (following [29]), or by timing of
original capture for recaptured birds (UCSC site only).
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Sources: Esri, USGS, NOAA

Fig 1. Study sites (black dots) for Golden-crowned Sparrows (Zonotrichia atricapilla, inset) on the wintering grounds (beige color)
during winters 2017-2021. The southern extent of the breeding range is partially shown with gray hatching. The range map image was
provided by eBird (www.ebird.org) and created 9 May 2024. UCD = University of California, Davis; HAGM = Hagmaier Ranch, Olema
Valley, Point Reyes National Seashore; UCSC = University of California, Santa Cruz. Inset photo credit: Theadora Block.

https://doi.org/10.1371/journal.pone.0305369.9001
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Genetic sexing

We collected blood for genetic sexing at UCSC; at UCD and HAGM we collected feathers for
genetic sexing, and for stable isotope analysis of diet as part of a related migratory connectivity
study. For individuals at each feather collection site, we collected 8-10 contour feathers for
genetic sexing and two outer tail feathers (rectrices) for stable isotope analysis. We sent con-
tour feathers to Animal Genetics, Inc (Tallahassee, FL). Blood samples (1 = 4) were processed
by the Shizuka lab at the School of Biological Sciences at the University of Nebraska-Lincoln,
and birds sexed by amplifying the CHD gene on the W and Z chromosomes following [30,
31]. All birds with retrieved GPS tags were sexed (n = 23; three birds GPS-tagged twice).
Feather and blood sampling for GPS-tagged birds happened upon tag deployment at the
UCSC field site, and during retrieval for the other two sites.

GPS tag deployment and data filtering

We deployed 120 archival 1.0-1.2 g GPS tags with an expected horizontal accuracy within 10
m (PinPoint-10 GPS Store on Board tags from Lotek Wireless; tag mass varied slightly after
manufacturing). We deployed 33 tags at UCD, 17 at HAGM, and 70 at UCSC (Fig 1). For
seven of 10 returned individuals at UCD in 2019, we gave them a replacement tag for another
year of tracking. For all tags, a known location was collected before deployment, which was
used for post-processing “Swift” fixes (see S1 File), an algorithm developed by Lotek Wireless
to get more efficient GPS fixes and that delivers a greater number of fixes for a given amount
of (limited) battery life [32].

Tags were attached using leg-loop harnesses [33] with Stretch Magic jewelry cord as
reported previously [34]. To determine eligibility for a tag at the UCSC site, we only put tags
on birds weighing more than 25 grams (<4% of body mass). For the UCD and HAGM sites, to
determine eligibility for a tag, we 1) determined tag mass, and 2) calculated a lean body mass
for each bird by subtracting a coarse estimated mass of fat, as adapted from lean mass guide-
lines [28] for White-crowned Sparrows (Zonotrichia leucophrys) modified for use by Point
Blue Conservation Science (see [34] for details). The combined tag and harness mass needed
to be less than 5% of the bird’s lean body mass (range = 3.2-4.6%, mean + SD = 3.8% + SD
0.4%).

At UCD and HAGM, tags were programmed to collect GPS fixes (hereafter “points”) every
ninth day during the estimated breeding season (Jun 2-Aug 31) in 2019 and every thirteenth
day during a refined estimated breeding season (May 29-Aug 28; refined after assessing the
2019 data) in 2020. Each tag attempted to retrieve points in the morning, between 16:00 and
16:30 UTC (8:00-9:30 am local time). We set tags to attempt points for up to 12 seconds and
then if not successful (e.g., if the bird was under dense vegetation), attempts stopped for the
day to conserve battery life. For the UCSC birds, tags were programmed to take points every
two to five days (see [35] for programming details). In all cases, we programmed tags to collect
as many points as possible while considering the life of the batteries and other tracking needs
(e.g., migration), as increasing the number of points can lead to better home range estimates.

We classified GPS points as “breeding” points (i.e., on the breeding grounds regardless of
actual breeding status which we could not confirm) to use for home range analyses (described
below) if they were within a cluster of points between spring and fall migration. This switch
between spring migration and breeding points was determined visually, as migration points
showed directed movement averaging 100-120 km/day [34] and at the breeding grounds birds
stayed within a much more restricted area (points within ~1-2 km) until fall migration was
initiated.
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When GPS data were downloaded after tag retrieval, each estimated point was reported
with measures of accuracy that, when combined, informed the probability that a point had
high or low accuracy. One measure of accuracy is the Horizontal Dilution of Precision
(HDOP) which is based on the location and geometry of the satellites used to calculate the tag
position; HDOP values of >20 are considered poor, 10-20 are defined as fair, 5-10 are consid-
ered moderate, and anything up to five is good to ideal [32]. The data on each tag also included
the number of satellites used to obtain the point, with more satellites providing higher location
accuracy; specifically, five or more satellites provide the highest accuracy while the minimum
number of satellites (three satellites) gives only a 2D fix (no altitude measure [32]). However,
both HDOP and the number of satellites only measure the probability of accuracy and are not
a guarantee of accuracy, and points with high accuracy can sometimes have higher HDOP val-
ues (Lotek Wireless pers. comm.). Overall, Lotek reports an average accuracy for these tags
at = 10 m. Based on these probabilities of accuracy, and to ensure retaining the most points
with a high probability of accuracy for home range analyses, we excluded points based on
HDOP values, the number of satellites, and the distance to other points (n = 12 points
removed; see S1 File for specific details on filtering). After all filtering, 91% of points used in
home range analyses (n = 323/355) had HDOP values < 5 (good to ideal range; mean = 2.4,
range = 0.8-18.4) and 84% had > 5 satellites (mean = 6 satellites, range = 3-9 satellites). Only
eight remaining points had fair HDOP values (> 10) and seven had 2D fixes (3 satellites), with
no points having both of these criteria (e.g., points with fair HDOP values had >3 satellites).
These 15 points were also visually inspected and were not spatial outliers to clusters containing
points with a high probability of accuracy (i.e., they were between 1-300 m from highest qual-
ity locations). Therefore, we assumed these points had high accuracy and retained them to bol-
ster sample sizes for home range analyses.

Home range area

There are a variety of methods for estimating home ranges, with minimum convex polygons
(MCP) and kernel density estimates (KDE) being two of the most commonly used methods [7,
36]. MCPs draw the smallest possible boundary around outer points, and, therefore, are meant
to represent a minimum area of use. MCPs are commonly used to make comparisons to previ-
ous studies, but they are recognized as unstable and subject to bias depending on sample size
and the pattern of available points, potentially including large unused areas in the home range
estimate [36]. However, as many previous studies have used MCPs, we created both KDEs and
MCPs for each home range estimated. Additionally, because the number of locations available
for territory estimation (see below) was not appropriate for KDEs, we use MCPs as a way to
compare the relative space use determined through GPS tags and spot-mapping.

KDEs not only define a home range boundary, but also identify areas that are used dispro-
portionately within the home range through application of a smoothing factor, or bandwidth
(i.e., the distance over which a data point influences a utilization distribution [37, 38]). Home
range estimates are sensitive to the bandwidth choice [36], and although least-squares cross-
validation (LSCV) is commonly recommended for calculating an appropriate bandwidth [39],
LSCV can produce high variability in bandwidths when there are a small number of points
(e.g., <100) and is not recommended [40]. A typical alternative is to use the reference band-
width [36]. The reference bandwidth has been shown to have the lowest absolute error for
point patterns that reflect a “nest tree” behavior: a highly concentrated patch of points within a
broader home range, as one might expect from a nesting bird that would forage away from the
nest but return to that site often [41]. When using the reference bandwidth, home range sizes
are also less sensitive than LSCV to sample size [39].
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Home range estimates based on KDEs can be robust to sample sizes as low as 10 if points
are spaced out temporally [42]. To determine the appropriate minimum number of points for
our KDE:s (fixed kernel method [39]), we created accumulation curves using code adapted
from [43]. We created accumulation curves for any tags with at least 10 breeding points
(n = 20; see S1 File for details). Based on the output from accumulation curves, we created
fixed KDE:s for tags with at least 13 points (n = 18), as this was where KDEs tended to stabilize
(S1 Fig), and we used the reference bandwidth (calculated separately for each unique home
range) with the adehabitatHR package in R [44]. Using 13 points is also similar to previous
studies (e.g., house sparrow (Passer domesticus) using 20 points [45] and Swainson’s Warbler,
using 15 points [11]). We calculated 95% KDEs, which we considered to represent the full
home range and to include forays outside the core area, and 50% KDEs, which we considered
to represent core-use areas. Two birds had two distinct clusters within their breeding range
that were occupied sequentially (the switch for tag number 19388 occurred sometime between
25-30 July and for 81319 between 15-19 July); for these we calculated separate MCPs but a sin-
gle KDE (when possible) to represent the full home range area. We used unscaled coordinates
to create KDEs, unless the ratio of standard deviations of latitude and longitude was unequal
(not near 1, i.e., <0.67 or >1.5; this occurred for six KDEs: tag numbers 49189, 49194, 49778,
49780, 49870, 81319), in which case we transformed the coordinates by dividing by the respec-
tive standard deviation [46]. For all tags with at least five points we created MCPs (n = 25); spe-
cifically, to account for potential infrequent movements or explorations outside the bird’s
main area of use, we created 95% MCPs, following [47]. We used ArcGIS desktop 10.8.1 [48]
to calculate the area for each KDE and MCP.

Home range comparisons and characteristics

Land cover can be an important driver of home range size, with less suitable habitat potentially
resulting in larger home ranges [49, 50]. At each home range, we determined land cover type
at breeding grounds using the 2020 North America Land Change Monitoring System map
[51]. We used the Zonal Histogram tool in ArcMap [48] to count the number of cells (30 m x
30 m) of each land cover class intersecting and/or completely within each 95% and 50% KDE.
Using the centroids at each 50% KDE, we also determined latitude and used the elevatr pack-
age in R [52] to extract an elevation value at that point as a general representation of elevation
in the home range. While terrain ruggedness index values are often used to determine the
topographical range within an area and are calculated by comparing a center cell to eight
neighboring cells [53], our home ranges varied in size and shape, so we instead used the elevatr
package to determine the standard deviation of elevation in each home range as a measure of
elevational heterogeneity.

To investigate whether latitude, elevation, sex, or the proportion of shrubland in the home
range had an effect on the size of home ranges, we conducted a series of univariate linear
regressions using the stats package in base R [54]. We ran univariate models because of low
sample sizes and the recommendation to have 10-20 data points per predictor [55]. We used
both 50% KDE area and 95% KDE area as the response variables. Our sample sizes were not
large enough to include random effects in the models, so for birds tracked twice, we included
the KDE that was created with the most GPS fixes so that each bird was represented only once.
After initial regressions, we evaluated model residuals. To facilitate comparison across models,
we removed outlier KDEs from all regressions when outliers were identified in any single
regression (50% KDE outlier was 49202 and 95% KDE outliers included 49202, 49191, 81319,
and 81324). We calculated the adjusted R> and RMSE values of each regression using the per-
formance package in R [56].
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For the three birds that were tracked in two consecutive years, we determined the degree of
overlap of the home range estimates. Specifically, we used the R package amt [57] to calculate
the Bhattacharyya’s affinity between each set of utilization distributions per bird for both 95%
and 50% KDEs. Bhattacharyya’s affinity is recognized as a formal method for comparing the
degree of similarity between utilization distributions [58, 59], and it is a statistical measure of
overlap ranging from 0-1, with zero representing no overlap and one representing 100% over-
lap [58].

Home range timing

We obtained estimated arrival and departure dates at/from the breeding grounds for birds for
which the start and end dates were no more than four days from available migration points
(programming for tags was every two days on migration except for tag 19388 which was every
five days). From these estimated dates, we present an estimated total duration (days) over
which birds were on the breeding grounds. While exploring arrival dates, for some individuals,
we found points showing the bird migrated to areas past their breeding area and then turned
around to migrate in the opposite direction to reach the final home range, which could indi-
cate reverse migration behavior. For those individuals, we estimated the distance and direction
between the farthest spring migration points and the home ranges using the measure tool in
ArcMap 10.8 (map projection North America Albers Equal Area Conic) for birds that
migrated farther west than their breeding destination (Alaska breeding birds) or farther north
than their breeding destination (British Columbia breeding bird).

Territories measured by direct field observations

A subset of authors (E.J.H and D.S.) conducted field observations of Golden-crowned Spar-
rows at Hatcher Pass, Alaska (May-July 2012) and at Grey Mountain near Whitehorse, Yukon
(May-July 2016). We captured territorial adults using mist nets paired with playbacks of con-
specific songs. Individuals were sexed based on the presence of cloacal protuberance or brood
patch, measured, and banded with a USGS metal leg band and a combination of three-color
leg bands. We then opportunistically took GPS locations of banded birds during the nesting,
incubation and nestling stages using a hand-held unit (Garmin GPSmap 64). We consider
these points to represent territories as all points were taken when birds were perched on
bushes, sometimes singing, and not while foraging. We obtained fewer than 13 points per bird,
so we created 95% MCPs for these individuals and calculated the area. As there was no signifi-
cant difference in territory area estimates between birds at Hatcher Pass (mean = 1.7 ha, n =7)
and Whitehorse (mean = 2.7 ha, n = 8; #(13.0) = -0.5, p = 0.6), we present summary statistics
across all MCPs.

Results
Birds

Of the 50 birds GPS tagged at HAGM and UCD, one lost its tag before migration. Of the
remaining 49, we successfully recaptured 29 birds (59%) the following fall/winter, three of
which had lost their tag upon recapture. Four retrieved tags malfunctioned, resulting in 22 tags
with data, including two tags each from three birds that were tracked twice. Of the tags with
data, 21 tags had enough tracking data during the breeding season to determine a home range,
including for both tags from each of the three birds tracked twice. At the UCSC site we
retrieved five of the 30 tags in 2017 and one of the 40 tags in 2018 (9% across both years), likely
due to human-induced alteration of a large portion of the winter study site within a month of
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tag deployment. Of the five tags retrieved in 2017 at UCSC, two malfunctioned leaving three
with usable data, for a total of four tags with usable data from both years. For more details on
the tag returns at UCSC, see [60]. This combined effort across field sites resulted in data from
23 individual birds, and 26 tags where three individuals were tagged and tracked across two
seasons. The datasets generated and/or analyzed during the current study are available in the
Movebank Data Repository for HAGM and UCD birds [61] and in the Dryad Repository for
UCSC birds [62].

Sex determination for all individuals included 12 females (F) and 11 males (M): 4:10 F:M
from UCD, 5:0 F:-M from HAGM, and 3:1 F:M from UCSC (Table 1). For tags with at least five

Table 1. Details on home ranges at breeding grounds for Golden-crowned Sparrows (Zonotrichia atricapilla) GPS-tagged at wintering grounds in California 2017~
2020.

Tag |Bird |Sex |Age |Location Date Estimated dates at breeding | #of breeding pts for | 95% MCP 95% KDE 50% KDE (ha) /(# of
Tagged Tagged grounds (month/day) KDE/MCP size (ha) size (ha) core areas)

49209 A |F SY HAGM 1/4/2019 5/31 -NA 5% 1.1

49218| B |F SY HAGM 1/4/2019 5/29 -[8/22] 11 9.0

49222 | C |F SY HAGM 1/4/2019 [6/11]-[9/12] 14 4.9 26.0 6.7 (1)

49201 D |F | AHY HAGM 1/11/2019 [6/11]-[8/13] 8 27.1

49200 E |F SY HAGM 1/11/2019 5/23 -NA 7* 0.03

49206 | F |F | AHY | UCD 2/19/2019 5/25 -[8/22] 14 1.8 8.7 1.8 (1)

49771| G |F SY UCD 2/4/2020 5/23 -NA 5* 0.2

49775| H | F SY UCD 2/6/2020 5/29 -[8/15] 7 8.5

49191 I |M | ASY |UCD 2/19/2019 [5/17]-9/2 18 8.3 27.2 6.5 (1)

49192 J |M |SY UCD 2/19/2019 5/21-9/8 21 9.1 34.8 9.4 (1)

49194 K |M |SY UCD 2/20/2019 5/19 -[8/22] 16 1.9 22.6 3.5(1)

49205 L |M |ASY | UCD 2/19/2019 5/19 -NA 4* NA

49217 M |M |ASY | UCD 2/19/2019 5/23-9/4 18 2.6 7.6 1.7 (1)

49777 | N |M | AHY | UCD 2/4/2020 5/17-9/6 16 1.6 7.2 1.3 (1)

49780 O |M |SY UCD 2/4/2020 5/21-9/2 14 2.4 11.4 2.5 (1)

49870 | P |M | ASY | UCD 2/4/2020 5/11-9/12 21 6.7 26.3 6.6 (2)

49189 | Q |F |ASY | UCD 2/20/2019 5/19 -[8/22] 17 1.7 9.6 2.2 (1)

49776 | Q ASY | UCD 2/6/2020 [5/17]- 8/31 13 2.2 11.2 3.0(1)

49195| R |M |SY UCD 2/19/2019 5/21 -[8/22] 16 25.2 142.2 229 (1)

49770 | R AHY | UCD 2/4/2020 5/9-9/8 20 4.5 17.5 3.3(1)

49202 S |M | ASY | UCD 2/20/2019 5/11-9/12 26 12.1 91.3 12.7 (1)

49778 | S ASY | UCD 2/4/2020 5/13-9/16 22 36.7 283.9 60.9 (1)

19388| T |F ASY | UCSC 1/17/18 [7/5]-NA 11* 1.1/0.4

77968 U |M | ASY | UCSC 3/22/17 5/25 —[9/8] 36 4.1 10.2 2.2(1)

81319 V |F AHY | UCSC 3/20/17 6/21-9/2 21 1.2/0.4 44.6 8.9(2)

81324 W |F ASY | UCSC 3/19/17 5/31-9/5 32 2.0 11.0 1.8 (1)

Estimated home range sizes on breeding grounds for Golden-crowned Sparrows (Zonotrichia atricapilla) GPS-tagged at wintering grounds in California 2017-2020,
along with individual bird information including sex (determined genetically), age (SY = second year, AHY = after hatch year, ASY = after second year), tagging
location, and date tagged (month/day/year). Birds that were tagged twice are indicated in the Bird column by sharing the same letter but different tag numbers. The
estimated dates at breeding grounds are based on points retrieved at breeding grounds. For birds that stopped tracking before fall migration, the end date at breeding
grounds is given as NA. Dates with > 4 days of uncertainty between points on breeding grounds and spring migration (first date) or fall migration (last date) are in
brackets, and indicate the birds for which we did not calculate a duration on breeding grounds. Dates that were used for calculating duration at breeding grounds are
indicated in bold. KDE = kernel density estimate and MCP = minimum convex polygon; UCD = University of California, Davis; HAGM = Hagmaier Ranch, Olema
Valley, Point Reyes National Seashore; UCSC = University of California, Santa Cruz.

*These tags stopped collecting points before the bird left the breeding grounds (no fall migration points).

https://doi.org/10.1371/journal.pone.0305369.t001
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points captured on the breeding grounds, more points were recorded for males (mean = 20.4
points) than females (mean = 12.9 points; F(1, 23) = 7.48, p = 0.01, n = 25).

Home range areas from GPS tags

Breeding destinations were in Alaska for all but two birds (one from UCD, one from UCSC),
which had destinations in British Columbia (see S1 Table for centroid latitude and longitude),
and the three birds that were tracked twice showed high site fidelity to their previous breeding
areas (Fig 2). The number of retained points used in home range analyses ranged from 5-36
(mean + SD = 16.4 + 7.7 points; Table 1). From this, we calculated 18 KDEs for 15 birds; the

180° 170°W 160°W 150°W

60°N

50°N

cubed

Fig 2. Golden-crowned Sparrow (Zonotrichia atricapilla) home ranges. Left panel: home ranges on breeding grounds in Alaska and British Columbia for
Golden-crowned Sparrows GPS-tagged at wintering grounds in California 2017-2020. Shaded areas with gray hatching show portions of the breeding range
(range map image provided by eBird (www.ebird.org) and created 9 May 2024). Purple represents birds tagged at the University of California Davis, green
represents birds tagged at Hagmaier Ranch in Point Reyes National Seashore, and yellow represents birds tagged at University of California Santa Cruz. Circles
represent home ranges that had enough points for kernel density estimates (KDEs), squares for minimum convex polygons (MCPs). Right side panels show
repeat home ranges for three birds tracked twice, with letters corresponding to the location on the full map (left panel): Panel A is for Bird Q (female, tags
49189 and 49776), Panel B is for Bird R (male, tags 49195 and 49770), and Panel C is for Bird S (male, tags 49202 and 49778). Each GPS fix (point) is
represented as a solid circle. The 50% KDEs are the inner (bolder) lines and 95% KDEs are the outer lines (see S2 Fig for KDEs from other tags). The turquoise
color is for 2019 points and corresponding home ranges, and orange is 2020 points and home ranges.

https:/doi.org/10.1371/journal.pone.0305369.9002
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95% KDEs representing home ranges ranged in size from 7.2-283.9 ha

(mean + SD =44.1 + 69.1 ha). The 50% KDEs, representing the core area of use, ranged from
1.3-60.9 ha (mean + SD = 8.8 + 14.1 ha; Table 1 and S2 Fig). We calculated 27 95% MCPs (for
25 tags because we calculated two separate MCPs for two tags) with GPS tag data, ranging in
size from 0.03-36.7 ha (mean + SD = 6.5 + 9.1 ha; Table 1 and S2 Fig).

Home range comparisons and characteristics

Land cover classes at home ranges included at least some shrubland for all birds (Fig 3), and
shrubland was the only land cover class included in every home range and core area (S2
Table). Twelve of the 18 core areas and 10 of the overall home ranges included 90% or more
shrubland land cover (10 core areas and seven home range had 100% shrubland cover), and all
but one bird (Bird S, tags 49202 and 49778) had >57% shrubland land cover at their core areas
(and >64% for overall home ranges). The second most common land cover was barren lands,
but this was driven primarily by Bird S where approximately half of the KDEs had barren land
(S2 Table and S2 Fig), and this land cover class was either not present in most home ranges or
did not constitute a large percent of the home range (less than 8% for three 50% KDEs, and
less than 18% for six 95% KDEs). Shrubland was one of the most common available habitats
near home ranges (see S3 Fig). Home ranges also included other land cover classes including

Shrubland-

Barren lands-

Snow and Ice-

B 50% KDE

Grassland-
o 95% KDE

Shrubland-Lichen-Moss-

Needleleaf Forest-

Broadleaf Deciduous Forest-

gy

0.2 0.4 0.6
Proportion of home range

Fig 3. The proportion of land cover classes at home ranges on breeding grounds in Alaska and British Columbia for Golden-crowned Sparrows
(Zonotrichia atricapilla) GPS-tagged at wintering grounds in California 2017-2020, for all KDEs combined. Land cover classes are from the 2020 North
America Land Change Monitoring System map (NALCMS 2023). Shrubland = “Temperate or sub-polar shrubland”; Grassland = “Temperate or sub-polar
grassland”; Shrubland-lichen-moss = “Sub-polar or polar shrubland-lichen-moss”; Needleleaf forest = “Temperate or sub-polar needleleaf forest”; Broadleaf
deciduous forest = “Temperate or sub-polar broadleaf deciduous forest”.

https://doi.org/10.1371/journal.pone.0305369.g003
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Table 2. Linear regression models for effects on home range size for Golden-crowned Sparrows.

Predictor 50% KDE 95% KDE
Adj R? RMSE Adj R? RMSE
Elevation Standard Deviation 0.532 1.803 0.386 6.730
Latitude 0.205 2.350 0.198 7.694
Centroid Elevation 0.125 2.465 0.090 8.195
Proportion Shrubland -0.080 2.739 -0.074 8.902
Sex -0.082 2.742 -0.095 8.990

Linear regression models for effects on home range size (50% KDE and 95% KDE) for Golden-crowned Sparrows
(Zonotrichia atricapilla) at breeding grounds that were GPS-tagged at wintering grounds in California 2017-2020,
with adjusted R? (Adj R?) and root mean square error (RMSE) values. All models for 50% KDEs and all models for
95% KDEs included the same datasets (i.e., same outliers were removed, see Methods). For birds tracked twice, only

one home range value per bird was used.

https://doi.org/10.1371/journal.pone.0305369.1002

snow/ice, grassland, shrubland-lichen-moss, needleleaf forest, and broadleaf deciduous forest
(Fig 3).

Elevation at KDE centroids ranged from 24-1408 m (mean * SD = 664 + 446 m). The stan-
dard deviation of elevation values, representing elevational heterogeneity, at 95% KDEs ranged
from 0.97 m to 283.4 m and 50% KDEs ranged from 0.78 m to 122.9 m. After removing outli-
ers, 50% KDE regression models included 15 KDEs and 95% KDE models had 11 KDEs. The
R? values were 0.2 or less for most models, indicating that latitude, the proportion of shrub-
land, and sex were not important predictors of home range size (Table 2). The univariate
model with the highest adjusted R value was the elevational heterogeneity model, for both
50% KDEs (adjusted R* = 0.532, F(1, 12) = 15.77, p < 0.01) and 95% KDEs (adjusted R* =
0.386, F(1,9) =7.299, p < 0.5). In both cases, home range size increased as elevational hetero-
geneity increased, though this effect was stronger for 50% KDEs (with 1 ha increase in home
range size, there was an increase of 0.10 in the standard deviation of elevation values (#(12) =
3.97,p < 0.01, 8=0.10, 95% CI [0.05, 0.16]) than for 95% KDEs (with 1 ha increase in home
range size, there was an increase of 0.27 in the standard deviation of elevation values (#(9) =
2.70, p <0.05, =10.27, 95% CI [0.04, 0.50]).

Using the Bhattacharyya’s affinity measure, we determined that the degree of similarity
between core areas (50% KDEs) for birds tagged twice was 0.664, 0.368, and 0.373 for Birds Q
(female), R, and S (both males) respectively. The degree of similarity between the overall home
ranges (95% KDEs) was 0.829, 0.529, and 0.538 for Birds Q, R, and S respectively.

Home range timing

Males arrived at breeding grounds on average nine days earlier (mean = 20 May, n = 12) than
females (mean = 29 May, n = 9). Total duration in days at breeding grounds was on average
110 days (SD: 16.3 days, range = 73-126 days, n = 10; see dates bolded in Table 1 for those that
met the criteria for calculating total duration). Only three females met our criteria for calculat-
ing departure dates, with an average breeding departure of 3 Sept (range = 31 Aug-5 Sept,

n = 3); however, the latest known point on the breeding grounds for another female (with
greater uncertainty in actual departure date) was 12 Sept. Males departed on average on 8 Sept
(range = 2 Sept-16 Sept, n = 9); given these data, males stayed on breeding grounds on average
five days longer than females across the entirety of the season. However, we did not statistically
test for differences in migration timing between the sexes due to the uncertainty in arrival and
departure dates.
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We found evidence that five GPS-tagged birds migrated past their final destination before
turning to migrate in a different direction (54 Fig). In three cases, the migration points before
turning back (representing the farthest they traveled) were a relatively small distance from the
home range, and these distances include the following: 9.6 km to the NW for tag 49195, 7 km
to the NE for tag 49778 (British Columbia breeding birds), and 21 km to the NW for tag
49771. In two cases, the distances were larger. For tag 49206, the last spring migration point
was 65 km to the SW of the home range and for tag 49201, there were two points to the NW of
the home range: one 154 km away on 31 May, then another 74 km away on 2 June, as the bird
appeared to be making its way “back” to the breeding area.

Territory sizes measured by direct field observations

We created 15 95% MCPs from direct observations of marked individuals in the field. This
included seven birds from Whitehorse, Yukon in 2017 and eight birds from Hatcher Pass,
Alaska in 2012 (5-12 GPS locations per bird, mean + SD = 8.7 + 2.34 locations). The territories
ranged in size from 0.09 ha to 10.9 ha (mean + SD = 2.1 + 3.4 ha, n = 15). For both the average
and maximum 95% MCP areas, territory sizes measured from these direct observations were
on average approximately three times smaller than those created with GPS tags.

Discussion

We provide new knowledge of space use behavior during the breeding season and immediately
before arrival to breeding areas for the Golden-crowned Sparrow, the only Zonotrichia species
without extensive detailed data available for home ranges on the breeding grounds. With GPS
tags deployed on Golden-crowned Sparrows on their wintering grounds in California, we doc-
umented home ranges for both sexes in their breeding range in Alaska and British Columbia,
and tracked three of these birds twice.

Home range and territory area

We documented much larger space use with miniaturized GPS tags carried by the birds than
from territory estimates based on field observations, indicating that Golden-crowned Sparrows
move relatively large distances on the breeding grounds that are not being detected in the field
by spot-mapping. Similar space use dynamics may be occurring for other passerine species for
which there have only been territory estimates in the field (as also supported by recent radio
telemetry studies [15, 16]), and GPS tracking offers a chance to discover larger and more secre-
tive movements—including, as in this study, by tagging birds on their wintering grounds and
passively tracking their home range movements on their breeding grounds.

Little quantitative data exist on Golden-crowned Sparrow territory or overall home range
size. The territory size estimates we report for Golden-crowned Sparrows from mapping terri-
tories in the field (2.1 ha on average) are larger than what has been found for this species previ-
ously (average nesting area in shrub thickets was 0.012 ha, and territory size in British
Columbia was estimated at 1 ha [27]). Similarly, for other Zonotrichia species, reported terri-
tory estimates have all been less than 1 ha (ranging from 0.1 ha to 0.79 ha for non-migratory
White-crowned Sparrows, White-throated Sparrows, and Rufous-collared Sparrow Zonotri-
chia capensis [63-67]). All of these estimates for the other Zonotrichia species, and for Golden-
crowned Sparrow territory size as part of this study, were based on identifying individual birds
(generally color-banded) in the field without using external tracking devices. When other
Zonotrichia species were tracked with external tracking devices, their home range estimates
were larger than the 1 ha maximum territory sizes described above. For example, radio teleme-
try of Mountain White-crowned Sparrows (Z. I. oriantha) breeding in the central Sierra
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Nevada of California revealed home range 95% MCPs from 0.4 ha to 11.4 ha [68] and GPS
tracking of birds in that same area (n = 17 for four days each) revealed 95% MCPs up to 13.5
ha (C. Hawkins, unpubl. data). Our estimates of home ranges for Golden-crowned Sparrows
based on GPS tags are considerably larger (44.1 ha for 95% KDE).

There are a variety of potential reasons for the larger home ranges we found for Golden-
crowned Sparrows compared to the previous studies listed above. It may be the different utili-
zation distribution approach (KDE instead of MCP). However, when comparing our 95%
MCPs to the aforementioned studies using external tracking devices, our mean value (6.5 ha)
aligns with the prior results, but our maximum MCP size was about three times larger (up to
36.7 ha). It is also possible that habitat quality, and potentially breeding bird density, differs
between sites where territories have been measured for Golden-crowned Sparrows and sites
with home ranges estimated through GPS tagging. Birds may also be expanding their space use
after breeding when they enter the molting phase once breeding is complete, which can some-
times occur in a completely different area, or at the edges of the already established territory
[69, 70]; it is possible the secondary home range we observed in mid to late July were due to
moving to an area to molt. However, throughout the breeding season, the distance from each
location to the centroid did not increase overall as the season progressed (S5 Fig). Future stud-
ies linking movements through tracking (with a higher frequency of locations) combined with
trapping to assign life stages would help us understand how Golden-crowned Sparrow move-
ments may shift seasonally.

We filtered points conservatively in line with manufacturer recommendations and previous
studies (that found points with high HDOP and 3 satellites should be down weighted [50]) and
expect a high accuracy for our locations. However, further studies could improve the accuracy
of home range estimates and determine how space use changes throughout the breeding sea-
son by collecting more points on the breeding grounds as tracking technology improves and/
or through individual tag calibration to assess tag-specific error that can be incorporated into
modeling [50, 71]. More generally, our data align with other studies that show how visual and
auditory observations of breeding birds have the potential to miss more subtle movements out-
side of territories [15, 16, 19]. Likewise, researchers may even intentionally restrict the data
used to create estimated territory boundaries, as such methods (e.g., spot mapping; [10]) are
typically used to estimate the core breeding territory and not the broader home range, and ter-
ritory estimates based on singing may intentionally exclude areas where other birds sing even
if home range overlaps may be occurring. Our study supports that territories and home ranges
should not be conflated.

Home range comparisons and characteristics

We found that larger elevational heterogeneity correlated with larger home range sizes for
Golden-crowned Sparrows. As we did not calculate a three-dimensional surface area for each
home range this effect may even be stronger, and actual home ranges larger, than we esti-
mated, as an increase in elevational variation would also increase the surface area available to
animals [72]. A greater elevational heterogeneity predicted smaller home ranges for Golden
Eagles (Aquila chrysaetos) presumably due to an increased amount of suitable habitat and prey
[73], and so it is possible that for Golden-crowned Sparrows, larger elevational heterogeneity
provides less suitable habitat, which results in larger home ranges. This could be due to steeper
slopes providing less suitable or lower quality shrub habitat, and/or a separation of high-qual-
ity nesting and foraging habitat in higher elevational areas with more barren land and snow.
While we did not find the proportion of shrubland to be a very strong predictor for home
range size, it should be noted that shrubland cover was also measured two-dimensionally and
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so its importance may have been underestimated. Also, we did not have confirmation that
sparrows bred successfully on their home ranges, and larger home ranges could represent
birds that did not successfully breed and became “floaters” over habitat less suitable for nesting
[74].

Our dataset included more points from males than females. Female Golden-crowned Spar-
rows build the nest, incubate eggs and brood nestlings while males do not; one female in
another study was reported spending 72% of her time incubating and up to 67% of the day on
the nest when brooding began (with sex presumed based on crown [75]). As Golden-crowned
Sparrows nest on or very near the ground, and often inside shrubs [75, 76], likely the line of
sight to satellites was reduced for females during the breeding season, resulting in fewer GPS
points for females. Males sing from exposed perches during the breeding season [27], which
could have increased their chances of being picked up by satellites during the morning hours
when the tags were set to collect data. To increase satellite fixes, we recommend considering
when birds may be more likely incubating (e.g., during cold morning hours) when program-
ming tags. Despite females having fewer points, sex was not an important predictor for home
range size. Additionally, males may have had more points on the breeding grounds because
they spend more time there, as we found that males arrived on average nine days earlier than
females (although our result about departure timing by sex was equivocal). Previous publica-
tions on Golden-crowned Sparrows show arrival on the breeding grounds in May in British
Columbia and Alaska consistent with our findings, but the difference in arrival times between
males and females has been poorly documented [27]. The earlier arrival at the breeding
grounds by males we found is consistent with the potential evolutionary advantage to earlier
male arrivals, likely acting to increase mating opportunities through earlier territory establish-
ment [77]. As tag technology improves for small birds, it may become possible to collect more
fine-scale data points to determine arrival (and departure) dates more precisely, along with
migration tracks.

Our data support that shrub habitat is important for breeding in this species (as was previ-
ously described [27]), with shrubland cover the only habitat type present in every home range
(KDEs), and, for most home ranges, the dominant land cover. However, we found that home
ranges for some individuals included a variety of other habitat types (consisting especially of
open habitats such as barren lands, and to a much lesser extent forested habitats), which is also
consistent with general descriptions of the breeding range [27]). Although there are no quanti-
tative data available on the characteristics of nest sites, nests have been found in shrub habitats
and at the edges of open woodlands, on the ground, in shrubs, or sometimes in small trees, wil-
lows, or dwarf conifers ([27]; Shizuka and Hudson, unpublished data). It is unknown whether
a mix of habitats with a variety of cover and resources, versus true shrubland habitat, provides
more ideal territories or influences breeding success. We did not find the proportion of shrub-
land within the home range to be an important predictor for home range size, but the maxi-
mum size of 95% KDEs with 100% shrub cover was only 34.8 ha, which is slightly smaller than
the mean 95% KDE size across all birds (44.1 ha). This could suggest that shrub habitat is of
higher quality so that less area is needed for a breeding pair [49, 50], or that habitat quality cor-
relates with population density [78] which restricts the size of an area that can be defended.
Due to the limited sample size (18 KDEs), this requires further study and would benefit from
fitness estimates in the field.

Site fidelity

We found high breeding site fidelity for birds tracked in more than one year. Each of the three
birds (1 female and 2 males) returned to approximately the same breeding territory in both
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years they were tracked. This is consistent with previous findings for Golden-crowned Spar-
rows banded in the 1930s that returned to the same breeding areas in multiple years [79]. Simi-
larly, Golden-crowned Sparrows also have very high site fidelity to their winter home ranges
[80, 81], where the sparrows form loose foraging flocks and have been shown to socialize with
the same individuals across multiple years [82, 83]. However, we also found a degree of flexibil-
ity at breeding sites, as two birds had two distinct clusters within their breeding range that they
occupied sequentially in the same year, indicating a shift in home range or territory. It is possi-
ble that these reflect spatially disjunct sequential nesting attempts (for example, if the first nest
site failed and the resulting renesting location required a territory shift), a within-season
change in mate, or movements due to molting.

Reverse migration

We found that for some birds, arrival to home ranges at the breeding grounds showed interest-
ing movement paths in the form of reverse migration. Birds will sometimes migrate in the
reverse direction of what is expected for the season; reasons given for this reverse migration
vary and have included wind and cloud cover, birds seeking out suitable resting locations, and
bird body condition, among others [84-86]. Juvenile passerines may also be more likely to fly
in a reverse direction (opposite to what is seasonally appropriate) than adults [86, 87]. We
found that some Golden-crowned Sparrows displayed short-distance “reverse migration” in
the spring, related to apparent corrections in their path or potentially as a response to environ-
mental conditions along the route. Specifically, some birds migrated farther west (for Alaska
breeders) or north (for British Columbia breeders) than their final home range area and
reversed (or in some cases, significantly changed) course before settling on the breeding
grounds. We do not know the body condition for these birds at the time they turned around,
or the active weather conditions they may have been encountering when they changed course.
One bird migrated at least 154 km to the northwest of the home range and flew back over the
course of a few days. Reverse migration has not often been reported for New World Sparrows
on spring migration (nor adequately studied), but White-crowned Sparrows that were experi-
mentally displaced longitudinally in the Arctic reversed their migration direction to reach
their original breeding grounds [88]. Additionally, White-throated Sparrows with low fat
reserves during migration have been shown to vary their orientation away from what is sea-
sonally expected [89], and juvenile Ipswich Savannah Sparrows (Passerculus sandwichensis
princeps) displayed some reverse migration during fall [87].

Conclusion

Despite decades of research, the distinction between home range and territory remains blurry.
This is in part due to the dynamic nature of spatial behavior that reflects the social and ecologi-
cal aspects of territoriality (e.g., resource defense, courtship) and maintenance of home ranges
(foraging, information collection, solicitation of extra-pair matings). The combination of field
observations and technological advancement can be combined to reveal previously hidden
dimensions of spatial behavior. For example, Acorn Woodpeckers (Melanerpes formicivorus)
vigorously defend group territories where they store resources (acorn granaries), yet auto-
mated radiotelemetry methods reveal that individuals make daily forays of 500-600 m to mon-
itor territories held by other social groups [90]. Similarly, automated telemetry of Kirtland’s
Warblers revealed that many non-breeders and some breeders made large-distance move-
ments during the breeding season (5-77 km), often at night, presumably to gather information
to inform dispersal in subsequent years [20]. Field observations and experimental studies of
Golden-crowned Sparrow males show that they defend territories through singing and chasing
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other courting males [27, 91]. However, the current study shows that territory size estimates
based on field observations do not match the scale of movements of individuals during the
breeding season as revealed by miniature GPS tags. Further work that combines field observa-
tion with technologies such as GPS tagging or automated telemetry have the potential to reveal
the behavioral and functional basis of differences in territorial behavior and larger home-range
spatial movements, including for within-season changes in life stages such as molt, and to
investigate how territory establishment may not be exclusive of overlapping space use in home
ranges. Such efforts have the potential to enhance our knowledge of both common and poorly
studied species, and, by applying remote technologies like that done in this study, are sure to
produce critical insights into species that migrate or occur in remote areas that may be difficult
for researchers to access, and whose life history in other portions of their annual cycle may
otherwise remain a mystery. By understanding space use on the breeding grounds with more
precision, and understanding the habitats that support various life stages, conservation man-
agement can more effectively protect important habitat, a critical step in preventing or revers-
ing population declines.

Supporting information

S1 Fig. Accumulation curves for Golden-crowned Sparrow breeding locations and home
range size (50% KDEs and 95% KDEs), for Golden-crowned Sparrows (Zonotrichia atrica-
pilla) GPS-tagged at wintering grounds in California 2017-2020. Each set of GPS points for
each bird (with at least 10 points) was randomly sampled 20 times at various sample sizes
(from five to the total points available), and KDEs were created at each sample size. From this,
we decided on a cutoff of 13 points for creating home range estimates. Each curve title refers
to the tag number.

(PDF)

S2 Fig. Filtered breeding locations in Alaska and British Columbia and associated home
range estimates for Golden-crowned Sparrows (Zonotrichia atricapilla) GPS-tagged at
wintering grounds in California 2017-2020. Home range estimates include kernel density
estimates (KDEs; given as blue polygons with darker shading indicating 50% KDEs and lighter
shading 95% KDEs) and minimum convex polygons (MCPs; given as yellow shapes).

(PDF)

$3 Fig. Land cover classes in Alaska. Throughout the breeding area of Golden-crowned Spar-
rows GPS-tagged at wintering grounds in California 2017-2020, shrubland was widely avail-
able. This figure shows a close-up of breeding centroids (pink circles) in Alaska, and
shrubland areas are shown in brown tones (land cover classes 7, 8, and 11). The full land cover
names for this layer are as follows (not all possible types are shown in this map): 1 = Temperate
or sub-polar needleleaf forest; 2 = Sub-polar taiga needleleaf forest; 3 = Tropical or sub-tropical
broadleaf evergreen forest; 4 = Tropical or sub-tropical broadleaf deciduous forest; 5 = Tropical
or sub-polar broadleaf deciduous forest; 6 = Mixed forest; 7 = Tropical or sub-tropical shrub-
land; 8 = Temperate or sub-polar shrubland; 9 = Tropical or sub-tropical grassland; 10 = Tem-
perate or sub-polar grassland; 11 = Sub-polar or polar shrubland-lichen-moss; 12 = Sub-polar
or polar grassland-lichen-moss; 13 = Sub-polar or polar barren-lichen-moss; 14 = Wetland;

15 = Cropland; 16 = Barren land; 17 = Urban and built up; 18 = Water; 19 = Snow and ice.
(PDF)

$4 Fig. Reverse migration for Golden-crowned Sparrows (Zonotrichia atricapilla) GPS-
tagged at wintering grounds in California 2017-2020. Five birds showed reverse migration,
flying in the opposite direction expected for migration (i.e. south or west). Yellow dots and
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polygons represent final destinations (centroids, and home ranges where visible). Green points
are migration locations and are connected by a purple line to demonstrate directionality for
the birds.

(PDF)

S5 Fig. The distance to centroids (created from kernel density estimates [KDEs]) from
each location (date given on x axis for each location) on the breeding grounds for Golden-
crowned Sparrows (Zonotrichia atricapilla) GPS-tagged at wintering grounds in California
from 2017-2020. This figure shows 355 points across 19 KDEs (see Table 1 for details on all
KDEs).

(PDF)

S1 Table. Home range center points (centroids of 50% KDEs) for Golden-crowned Spar-
rows (Zonotrichia atricapilla) GPS-tagged at wintering grounds in California 2017-2020.
For two tags, there were two core areas and a center point is given for each.

(PDF)

$2 Table. Land cover classes (the number of cells 30m x 30m) represented in each home
range (50% and 95% KDEs), along with the proportion of shrubland represented across all
cells, for Golden-crowned Sparrows (Zonotrichia atricapilla) GPS-tagged at wintering
grounds in California 2017-2020. Land cover classes are from the 2020 North America Land
Change Monitoring System map (NALCMS 2023). Needleleaf forest = “Temperate or sub-
polar needleleaf forest”; Broadleaf forest = “Temperate or sub-polar broadleaf deciduous for-
est”; Shrubland = “Temperate or sub-polar shrubland”; Grassland = “Temperate of sub-polar
grassland”; Shrubland-lichen-moss = “Sub-polar or polar shrubland-lichen-moss”.

(PDF)

S1 File. Supplemental methods.
(PDF)
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